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Introduction: 
 
 Boron Nitride Nanotubes (BNNT’s) and their use in a BNNT nano-composite have been 
the focus of an increasing number of studies in the past decade[1]–[11]. BNNTs have been 
theorized to have incredible thermal conductivity (3,000 W(m⋅K-1))[12], as well as high thermal 
stability (retaining their structure up to 800°C in air)[13]. Ultimately, we hope to integrate 
BNNT’s into polymer composites to transfer their strength and thermal conductivity properties 
into said composites[5][14]. However, there is little information in how BNNTs couple with 
different composite polymer resins at their interface. This prevents us from creating the ideal 
BNNT-polymer composite. In a thermal sense, we would be interested in how heat is transferred 
from the highly thermally conductive BNNT to the polymer and then onto another BNNT. As a 
chemistry undergraduate, thermal conductivity is a new subject to me. From my understanding, 
we can note that BNNT’s constituents (boron and nitrogen atoms) are light weight and exist as a 
crystalline structure with covalent bonds, making it a stiff material. Heat is transferred well in 
BNNT because the atoms are allowed to vibrate efficiently and through its crystalline structure, 
trigger neighboring atoms to also vibrate. This collective wave of excited, vibrating atoms is 
referred to as phonons. In a structural point of view, we need to know how the polymer can 
transfer applied loads from the matrix into the nanotube filler, thereby lending increased 
structural properties. In both cases, strong interactions between the matrix and filler are 
necessary to facilitate this. 
 Common approaches to studying matrix-filler interactions involve the macro-scale, such 
as tensile testing composites. However, in our approach, we chose to look at nanoscale 
interactions which would then help us understand microscale and macroscale interactions. To do 
this, we functionalized an Atomic Force Microscopy (AFM) probe cantilever with a silica bead 
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(~7-10 microns in diameter). Following this, we attached boron nitride to the bare silica bead. 
We did this with single crystal hexagonal boron nitride (h-BN) rather than BNNTs because of 
the difficulty in manipulating a singular BNNT. h-BN in contrast, in its crystalline form, can be 
peeled in to smooth sheets (similar to graphene) allowing for easy handling. Finally, by means of 
Atomic Force Spectroscopy, we ran force curves between the functionalized cantilevers and 
different polymer substrates, measuring the forces of interaction between the boron nitride and 
the polymer. It is our objective to use this method to help us design a BNNT polymer composite 
with the strongest possible coupling of interactions between the tubes and polymer, thereby 
leading to higher thermal and structural properties that BNNT nanocomposites have been 
theorized to possess. If we can understand the interactions at the nanoscale between BNNTs and 
different polymers, we can choose the best polymers for use in a BNNT nanocomposite and 
thereby achieve optimum macroscopic properties. 
  In a secondary earlier project, we chose to study the viability of functionalizing h-BN in 
hopes of broadening our choices in different surfaces of the BNNT and resulting forces on 
interactions with the polymers. Chemically, BNNTs and hBN have only boron and nitrogen atoms 
in their structure, which limits the polymers we could use that would potentially have the greatest 
interactions. However, if we could experimentally verify previously mentioned procedures in the 
literature on functionalizing h-BN, we could perhaps extend that same treatment to BNNTs for 
similar results[15]. A BNNT with a hydroxyl group or an amide group for example, would allow us 
to potentially strengthen the interaction between the BNNT and many other polymers.  
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Chemical Functionalization of hBN, Methods, 
and Discussion 
 
 To functionalize hBN, we referred to Xianlong Zhnag et al.’s “Ordered multilayer film of 
(graphene oxide/polymer and boron nitride/polymer) nanocomposites: an ideal EMI shielding 
material with excellent electrical insulation and high thermal conductivity” procedure[15]. We 
mixed a 100 mL aqueous solution of H2O2 (30% wt) with hBN (~5 g) in a 250 mL three necked 
flask. This mixture was refluxed at 105℃ for 4 hours under vigorous stirring. The mixture was 
then dried off, resulting in functionalized hBN-OH particles. 
To obtain amino-functionalized BN, ℽ-amino-propyltriethoxysilane (KH550) (2 g) and 
90% ethanol (200 mL) was mixed with BN-OH particles and agitated at 60℃ for 4 hours, with 
periodic washing with distilled water. Finally, the amino-functionalized BN particles were dried 
at 70℃ for 24 hours.  
To verify this chemical functionalization, a Digital Labs FTS 7000 FTIR was used. An IR-spectra 
was obtained for BN, amino-BN, and BN-OH to verify and confirm the existence of the specific 
characteristic functional group peaks. 
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Functionalized hBN FTIR Data 
 
 
Figure 1. FTIR Transmission Data on Functionalized hBN: (Top Left) Neat hBN (Top Right) hBN-OH (Bottom 
Center) Amino hBN 
 
 Based off our FTIR data in Figure 1, we can confirm that our hBN now has a hydroxyl 
group attached to it due to the presence of a broad peak at ~3200 cm-1, where we would expect to 
see an -OH peak. We are not confident in our results in taking h-BN-OH and swapping out the 
hydroxyl group with an amino group. Typically, we would expect to see an amine peak at a 
3350-3310 cm-1 and 1650-1580 cm-1, but it is not clear that either peak is present for amino h-
BN. In addition, it must be noted that the -OH peak is not particularly strong in either our hBN-
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OH or our projected amino-hBN spectra. Therefore, it may be that we have only successfully 
attached -OH groups on the edge regions of our h-BN sheets, rather than on the plane of the 
sheet itself. To test this, we can look to add our hBN-OH into water and observe how well the 
hBN-OH disperses; in practice, the more -OH groups we have added, the better the overall sheet 
would disperse in water.  
hBN Force Spectroscopy  
Theory of Atomic Force Spectroscopy  
In most contexts, Atomic Force Microscopy (AFM) is meant to be used as an imaging 
technique, with the capability of imaging surface topography with nanometer resolution. 
However, it is also capable of conducting force interaction measurements between the probe and 
mounted samples. One of the biggest advantages of using the AFM for these measurements is its 
high sensitivity, allowing us to measure forces as small as pico-newtons. In the context of our 
experiment, we used larger colloidal probes (~10 microns large in diameter) for their well-
defined surface geometry.  
 Our atomic force microscope experiment relies on a relatively stiff cantilever (nominal 
spring constant of (40 N/m), to which a silica bead has been attached (the procedure will be 
outlined later in the Methods section). Both the probe and sample are inserted onto the instrument, 
and following coarse adjustment, are brought into complete contact with each other using a 
piezoelectric-based device “piezo”. Our AFM relied on a piezo attached to the stage holding the 
sample, but other AFM’s can have the piezo fixed to the probe.  
 Like most common AFM’s, deflection of the cantilever is detected via a focused laser shot 
onto the back of the cantilever. The reflected beam is then detected by a four-segment 
photodetector, transmitting and magnifying any deflection (DFL) or torsion (lateral force, or LF) 
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experienced by the cantilever (See Figure 2). The piezo can then move the sample stage in relation 
to the stationary probe, and any deflection experienced by the cantilever during this movement can 
be correlated with the distance moved to generate a map of any interfacial forces while the probe 
and sample are either near contact, or in contact. 
 
 
Figure 2. Overlay of how AFM works: The cantilever acts as sensitive spring (~100 µm in length), upon 
which a laser is shot onto. As the cantilever moves across the sample surface, deflection of the spring 
can be attributed to sample surface topography or force interactions, and detected by a change in laser 
signal[16] 
 
 The forces that dictate the interactions in AFM are primarily either surface charges, or 
dipole interactions (van der Waals, or hydrogen bonding). Ideally, we would like to avoid 
dealing with electrostatic interactions as surface charges are highly variable and difficult to 
control. A sufficiently humid environment is normally enough to temper any electrostatic 
interaction, as the water vapor in the environment is capable of diffusing any build up of surface 
charge. However, as will be discussed, some samples naturally have a degree of surface charge. 
 Dipole interactions, collectively referred to as van der Waals forces can be broken down 
into three types of dipoles: permanent, induced, and instantaneous[17]: 
The permanent-permanent dipole interaction (orientation or Keesom) is dictated by the equation 
𝑊𝑘(𝑟) = −
𝜇1
2𝜇2
2
3(4𝜋𝜀0𝜀)2𝑘𝐵𝑇𝑟6
  
µ1 and µ2 represent the dipole moments of the two objects in question. 
The permanent-induced dipole interaction (induced or Debye) has a potential of: 
Piezo 
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𝑊𝐷(𝑟) = −
𝜇1
2𝑎02 + 𝜇2
2𝑎01
(4𝜋𝜀0𝜀)2𝑟6
  
α01 and α02 are the electric polarizabilities of the molecules.  
Finally, induced-spontaneous dipole interactions or London dispersion forces possess the 
strongest potential for most materials, represented by: 
𝑊𝐿(𝑟) = −
3
2
𝛼01𝑎02
(4𝜋𝜀0)𝑟6
(ℎ𝑣1)(ℎ𝑣2)
ℎ𝑣1 + ℎ𝑣2
  
ℎ𝑣1 and ℎ𝑣2 are the first ionization potentials of each molecule. London dispersion forces can be 
present in materials that themselves do not possess permanent dipoles.  
 Ultimately, electrostatic interactions are much more prevalent in the micron-range of 
distances, whereas dipole interactions have a much stronger contribution in the nanometer range 
of distance.  
Creating Colloidal Probes Functionalized with hBN 
 
Laura R. Dickinson’s experimental methods section in her paper “Measuring Interfacial 
Forces between Polymers and Graphene Oxide Using Force Spectroscopy” was the starting 
point for our fabricated bare colloidal probes. Epoxy (Ace Hardware; quick set and Marine 
epoxy) and silica microspheres (Bangs Laboratories) were attached to the end of tipless 
cantilevers which had a nominal spring constant of 40 N/m (NanoAndMore, All-in-One Tipless 
Aluminum coated). A micromanipulator (Newport Corporation XYZ translation stage, model 
#:460-XYZ) and an Olympus inverted microscope (model #:IXYZ) was used to first dip the end 
of the cantilever into a droplet of epoxy. The cantilever was then gently lowered over a lone 
silica sphere until the sphere adhered onto the cantilever (See Figure 3). After the epoxy cured 
for 24 hours, the cantilever was imaged on the Olympus to determine if the sphere was properly 
attached to the cantilever, and not submerged within epoxy (See Figure 4). 
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Figure 3. Method of Creating Bare Silica Bead Colloidal Probes. Under the Olympus Microscope, 
A) the cantilever is aimed directly above a droplet of epoxy and B) dropped to C) pick up a thin layer of 
epoxy. The cantilever is then D) aimed above a silica bead, and E) dropped to F) adhere the bead to the 
cantilever[16] 
 
 
 
 
Verification of the creation of the bare silica bead colloidal silica probe was done by 
using an atomic force microscope (AFM) (NT-MDT, model: NTEGRA), to scan the probe over 
an inverted sharp tipped calibration grating (NT-MDT, model: TGT1). Figure 5 displays a 
typical AFM scan of a glass silica bead affixed to a cantilever. Due to the nature of the 
Figure 4. Optical Image of Bare Silica Bead affixed to Cantilever  
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calibration grating which has peaks 3µm apart arranged in the X&Y directions on a 2mm square, 
we are only able to image a surface 3µm large before the image repeats itself (shown in the four 
corners of the image). However, the center diamond clearly shows a spherical surface: the center 
point is the highest at around 522 nm before its surroundings begin to lower in height down to 
around 250 nm. 
By subtracting out a second-order polynomial fit from the height scan to accommodate 
for the spherical surface, we determined the root mean square (RMS) roughness of the bare silica 
bead colloidal probe surface  
 
 
To attach hBN onto the bare silica bead, we started with a singular crystal of hBN (hQ 
Graphene). After fixing the crystal to a glass slide with epoxy, we used tape to peel off layers 
until we had a sufficiently smooth surface (verified with the Olympus inverted microscope, See 
Figure 6). 
Figure 5. AFM Scan of Colloidal Probe Surface Topography  
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Using the micromanipulator once again, the colloidal probe was lowered into another 
bead of epoxy. The colloidal probe was then loaded into the AFM and aimed over a smooth and 
flat region of the hBN. Following a successful landing, the epoxy was allowed to cure overnight 
before the cantilever was removed from the substrate. To verify that we had successfully peeled 
off a singular sheet or multiple sheets of hBN, we re-imaged the probe on the same inverted 
sharp-tipped calibration grating to demonstrate a change in surface topography from Figure 5 (a 
bare silica bead to Figure 7 (an attached hBN sheet on the silica bead). 
 
 
Figure 6. Optical Image of h-BN Crystal Affixed 
to Glass Slide via Epoxy and Peeled Until Smooth 
  
Figure 7. AFM Scan of Colloidal Probe Surface Topography Post 
hBN Attachment: (Left) Tip 20, (Right) Tip 24 
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Substrate Preparation  
 The substrates selected were: boron doped P-silicon wafers (Ted Paella), polyvinyl 
alcohol (PVA,Alfa Aesar), poly methyl methacrylate (PMMA, Sigma Aldrich), and polystyrene 
(PS, Sigma Aldrich). A flat PVA substrate was prepared by dissolving PVA in an acetone 
solution, followed by spin coating onto a silicon wafer. PMMA was dissolved in a solution of 
DMSO before it was drop-cast on a glass slide. Finally, a thin sheet of PS was created by 
pressing it between silicon wafers to ensure a smooth surface with nano-roughness. 
hBN/Polymer Interfacial Force Measurements 
 The first step in performing a force curve measurement was to calibrate the specific 
cantilever being used. To do so, the thermal noise of the instrument itself which varies day to 
day, had to be obtained. Using the NovaPx software to control the AFM, multiple frequency 
sweeps were performed on the cantilever. Once the resonant frequency of the cantilever was 
found, spectra with a wide frequency range would then be processed in MATLAB to determine 
the thermal white noise baseline (See Figure 8) 
 
Figure 8. Wide-Frequency Spectra of a Colloidal Probe From 200-250 kHz 
Frequency (kHz) 
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 Next, spectra with a narrower frequency (5-6 times the resonant frequency peak’s full width at 
half maxima) were processed to determine the quality factor (See Figure 9). 
 
Figure 9. Narrow-Frequency Spectra of a Colloidal Probe from 219-226, Baseline-Corrected and 
Averaged to Calculate the Quality Factor (Qf) 
Finally, by using the Sader method[18], the normal spring (N/m) of the cantilever could be 
determined.  
 Next, the Inverse Optical Light Sensitivity (InvOLS) calibration had to be performed. 
This calibration accounts for the difference in deflection signals across all AFM sessions, and 
how sensitively the laser’s deflection signal onto the photodiode responds to vertical 
displacement of the physical cantilever itself. Therefore, the InvOLS was taken by performing 
force curves on a known hard substrate, such as a Si wafer in our experiment. The specific 
settings we used here (and in all future force curves) was: Piezo extension from 0 to -6000nm, 
1.02 µm/s forward and backward at 2000 Hz in both directions, and a deflection (DFL) range of -
50 nA to 0.750 nA. 10 curves were taken at each point.  
 With the raw force curve data saved, we then measured the slope of the constant 
compliance region. (See Figure 10). This refers to the linear portion of a force curve, where the 
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cantilever has already snapped down onto the sample surface, but the piezo is still extending 
upwards. 
 
Figure 10. Example of MATLAB Processing of InvOLS. The slope is picked across 10 curves, 
and averaged to provide the ultimate InvOLS  
The inverse of this slope is the InvOLS, which in tandem with the effective spring constant, can 
be used to translate the raw DFL signal into force (nN): 
𝐷𝐹𝐿 (𝑛𝐴) × 𝐼𝑛𝑣𝑂𝐿𝑆(
𝑛𝑚
𝑛𝐴
)  × 𝑘𝑒𝑓𝑓(
𝑛𝑁
𝑛𝑚
) = 𝐹𝑜𝑟𝑐𝑒 (nN)  (Eq. 1) 
Table 1. Characteristic Values for Tip 20 Across Different Dates, and Polymers. *For 4/20 
values, the InvOLS was not re-measured as it is dependent on the actual setup of the instrument 
which was not adjusted across samples 
 Days Polymer InvOLS 
(nm/nA) 
Resonant 
Frequency 
(KHz) 
Quality 
Factor 
Spring 
Constant 
(N/m) 
Tip 20 1 Before Si 41.1 222.4 222.6 21.7 
 2 Before Si 46.9 222.3 254.9 24.6 
 3 Before Si 39.1 222.0 274.9 26.5 
 4 Before Si 36.1 222.4 319.6 31.0 
  After Si 36.1* 222.4 328.9 31.9 
  After PVA 36.1* 222.3 331.5 32.1 
  After PS 36.1* 222.3 330 31.9 
  After Si 36.1* 222.3 330 32 
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Force Curve Data Processing  
 
Figure 11. A Typical Approach & Retract Force Curve[16] 
 
Figure 11 & 12A describes a typical force interaction and how it is reflected in the raw 
signal. The piezo extends the sample surface (A) towards the cantilever until B) it is brought 
close enough for attractive forces to snap the cantilever onto the surface. C) While in contact, the 
piezo continues to extend, bending the cantilever to a specified deflection, before C) it begins to 
lower back down. D) As the piezo continues to lower itself, the cantilever remains attached to the 
sample surface due to adhesion forces, until E) the piezo is lowered far enough for the cantilever 
to pull off and return to its original position.  
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Figure 12. A) Raw Force Curve Data B) Processed Force Curve Data. The Y-axis is Curve A is Cantilever 
Deflection (nA) and must be converted into Force (nN). Then, the overall curve is shifted upwards, so that 
the zero-deflection region (where the cantilever is not in contact with the sample) reflects a force of 0 
nN[16] 
 
Force spectroscopy measurements (Figures 11 & 12A) were made between the hBN 
probes and the 4 substrates selected to assess attractive and adhesive forces (approach and retract 
curves respectively). Using methods described in Butt, et al. we began the procedure with the 
assumption that our substrates are infinitely hard. We shifted each curve vertically so that the 
relaxed portion of the curve reflected zero deflection on the y-axis. In the region where the probe 
comes into contact with the surface (constant compliance region), a linear fit was applied as well 
as a horizontal shift so that the fit would intersect the origin. Finally, the data was scaled to 
convert the original photodetector units into distance, and then into force. With this, a force-
distance plot could be generated. (See Figures 12B and 13) 
During the force curve measurement, the approach is associated with a snap-down, 
whereas retraction is associated with a pull-off. For both, the maximal vertical deflection from 
the undeflected state collectively measures the attractive forces causing the snap-down, as well 
as the van der Waals, electrostatic, and capillary forces acting against the probe as it retracted. 
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Figure 13. Example of one of my processed force curves; The blue curve reflects approach force 
measurements, while the green curve reflects retract force measurements 
 
Results & Discussion 
Verification of hBN Attachment Process 
 Perhaps the most difficult process of this experiment was verifying that we had 
successfully attached hBN to our colloidal probes. For example, it was difficult as well as 
impractical to simply use the Olympus inverted microscope to look at the probe post h-BN 
attachment because h-BN sheets are transparent, just like the epoxy as well as the silica bead 
itself. (See Figure 14) 
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We compared the surface topography of the colloidal probes before and after attachment 
of the hBN sheet and calculated the RMS in Gwyddion to verify that we had changed the surface 
of the colloidal probe. Table 2 clearly shows a difference in roughness after we had attached an 
hBN sheet compared to the roughness of a bare bead, as well as Tip 17 which reflects an epoxy 
surface. 
Table 2. Root-Mean-Square Roughness Measurements in Nanometers of Colloidal Probes 
Name RMS of Bare Bead 
(nm) 
RMS of Epoxy 
Covered Bead(nm) 
RMS Post-
Attachment (nm) 
Tip 20 29.26 ± 3.68 N/A 3.94 ± 1.60 
Tip 24  33.70 ± 14.6 N/A 5.85 ± 1.42 
Tip 17  N/A 45.22 ± 8.00 N/A 
  
 
Force Curve Data 
Tables 3-6 show the actual and average results of our force curve measurements using 
two probes (Tip 20 over four days & 24 over two days) and an epoxy probe (Tip 17 over one 
day) on the four substrate surfaces: boron-doped P silicon, PVA, PMMA, and PS. 
Figure 14. Optical Image of Colloidal Probe Attached with h-BN 
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Table 3. Actual Values of Snap-Down Force Measurements for all Tips (nN) 
 Tip 17  Tip 24 
D1 
Tip 24 
D2 
Tip 20 
D1 
Tip 20 
D2 
Tip 20 
D3 
Tip 20 
D4 
Silicon 
Wafer 
65 30 47 68 163 41 74 
40 18 25  163 148  
48     131  
PVA 39 8 4 59 193 58 147 
44 16 0  192 58 123 
9  13    135 
PMMA 47 8 106 43 37 100 123 
43 0 144  131 63 118 
42  158  60 65 101 
PS 124 13  52 154 213 155 
65 32   300 69 130 
62    326 198 72 
Silicon 
Wafer (2) 
      41 
      122 
      89 
 
 
Table 4. Actual Values of Pull-Off Force Measurements for all Tips (nN) 
 Tip 17  Tip 24 
D1 
Tip 24 
D2 
Tip 20 
D1 
Tip 20 
D2 
Tip 20 
D3 
Tip 20 
D4 
Silicon 
Wafer 
187 2256 231 241 308 652 342.8 
176 2320   308 627  
181     667  
PVA 228 457 198 46 963 274 441.4 
246 827 244  788 217 390 
241  139   244 348.7 
PMMA 205 409 1288 73 312 339 381.6 
204 390 1345  431 298 334.2 
211  1166  251 276 303.4 
PS 174 1842  251 267  370 
163 1379   300  366 
176    326  298 
Silicon 
Wafer (2) 
      370 
      455 
      396 
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Table 5. Averaged Values and Standard Deviations of Snap-Down Force Measurements for all 
Tips (nN) 
 Tip 17  Tip 24 
D1 
Tip 24 
D2 
Tip 20 
D1 
Tip 20 
D2 
Tip 20 
D3 
Tip 20 
D4 
Silicon 
Wafer 
51 ± 13 24 ± 8 36 ± 16 68  163 ± 0 107 ± 58 74 
PVA 31 ± 19 12 ± 6 6 ± 7 59 193 ± 1 58 ±0 135 ± 12 
 
PMMA 44 ± 3 4 ± 6 136 ± 27 43 76 ± 49 76 ± 21 114 ± 12 
 
PS 84 ± 35 23 ± 13  238 298 ± 30  119 ± 43 
 
Silicon 
Wafer (2) 
      84 ± 41 
 
Table 6. Averaged Values and Standard Deviations of Pull-Off Force Measurements for all Tips 
(nN) 
 Tip 17  Tip 24 
D1 
Tip 24 
D2 
Tip 20 
D1 
Tip 20 
D2 
Tip 20 
D3 
Tip 20 
D4 
Silicon 
Wafer 
181 ± 6 2288 ± 
45 
231 241 308 ± 0 649 ± 20 324.8 
PVA 238 ± 9 642 ± 
262 
194 ± 53 46 876 ± 
124 
245 ± 29 393 ± 46 
PMMA 207 ± 4 400 ± 13 1266 ± 
91 
73 331 ± 92 304 ± 32 340 ± 39 
PS 171 ± 7 1611 ± 
327 
 251 298 ± 30  345 ± 40 
Silicon 
Wafer (2) 
      407 ± 44 
 
The epoxy probe, a probe without hBN, was created to report the change in results when hBN 
was attached to the probe and further verify the presence of hBN on Tips 20 & 24. Runs were 
made across seven days, with Tip 17 over one day, Tip 24 over two days, and Tip 20 over four 
days. 
Epoxy Tip 17’s results are different enough from hBN Tip 20 and Tip 24 that we can 
confidently say that Tip 20 and Tip 24 are chemically different from Tip 17 and have had hBN 
successfully attached. There is a large variance between Tip 20 and Tip 24’s force measurements 
as well as across different days in Tables 3-6. We noted that there were differences in the spring 
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constant and quality factor across different runs. Referring to Table 1, we can see that the quality 
factor and spring constant increased each day that we ran Tip 20. We chose to carefully study 
how these values specifically change through multiple runs and through multiple measurements 
of the quality factor between polymer measurements on Day 4. Within Day 4, the values 
continued their trend of increasing, but appeared to stabilize at around 330 and 32 N/m for the 
quality factor and spring constant respectively throughout Day 4 measurements. Initially, we 
theorized that the hBN sheets could potentially be peeling off from our colloidal probe. 
However, that change in mass would be reflected by a change of resonance frequency, which did 
not occur. The fact that the quality factor specifically was increasing led us to believe then, that 
our overall cantilever was stiffening (perhaps due to the continued curing of the epoxy). 
Regardless of the cause, Tip 20 Day 4’s results reflect more accurate force curve measurements 
of the differences between the hBN probe and the different substrates. Due to this stabilization in 
change of the Quality Factor, we now have a reliable spring constant in Equation 1 and reliable 
data in Tip 20 Day 4’s differences in force values. 
 In general (See Tables 3-6), we found snap-down forces to be much weaker than pull-off 
forces. However, they followed the same trend: PVA had the strongest interactions, followed by 
PS and PMMA, and then the boron-doped P silicon. As discussed in the AFM theory section 
beforehand, snap-down forces are most likely electrostatic interactions due to the long range. In 
contrast, pull-off forces are more attributed to dipole interactions, as they occur as the probe and 
substrate are in contact with one another.  
 PVA’s presence of an O-H bond makes it a likely target for H-bonding from the nitrogen 
in hBN. Polystyrene possesses an aromatic ring which can pi-bond with the nitrogen. PMMA has 
a carbonyl group upon which the nitrogen can bond to. Finally, silicon’s interaction with the 
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hBN is still significant; boron-doped P-type silicon creates an electron hole (boron’s 3 electrons 
compared to silicon’s 4 electrons) that nitrogen can also fill. Hence, our interface force 
measurements from strongest to weakest are consistent with the chemical composition of each 
polymer and P-type silicon and how they should interact with hBN. 
 The force measurements between epoxy Tip 17 (see Tables 3-6) and each substrate are 
much weaker. Like the hBN probe, the pull-off forces were much stronger than the snap-down 
forces, again by about a factor of three. PVA had the highest pull off force, but weakest snap 
down force. A possible explanation for this lies in PVA’s -OH groups compared to PS, PMMA, 
and silicon. The -OH structure allows for diffusion of its electrostatic charge across the 
polymer’s surface. 
 In summary, hBN Tip 20 Day 4’s results provide very strong indication that this 
technique supports the view that AFM probe measurements can measure differences in 
interfacial forces between a particle and a polymer. Hence, AFM can provide a very efficient 
method in selecting an optimal polymer to combine with BNNT’s and achieve their theorized 
high-performance properties in nano-composites. 
Conclusions  
 
We were able to measure short and long-range interfacial force measurements between 
hBN and polymers for the first time by overcoming difficult fabrication challenges in making a 
successful hBN AFM probe. Our initial results had considerable amounts of scatter with little 
reproducibility. However, with careful analysis of the tip calibration data over multiple days and 
runs, we concluded that with each run, the quality factor was increasing but stabilized on Day 4 
for Tip 20. Once enough runs were conducted to establish stabilization of the quality factor, we 
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believed we had arrived at a refined process for future creation of hBN colloidal probes and force 
curves. 
 As a result, we have learned how to produce reliable AFM measurements of the 
interfacial forces (nano-newtons) of attraction during snap-down and pull-off between hBN and 
four substrates: boron doped P-silicon, PVA, PMMA, and PS. The short-range pull-off forces 
were three times as strong as the snap-down forces of attraction. The strongest attractive forces 
for both pull-off and snap-down were PVA > PS > PMMA. The nitrogen in hBN is key in these 
interactions: the H-bonding capability of PVA, the aromatic ring on PS, and the carbonyl bond in 
PMMA. Our results are very encouraging in suggesting that along with PS, a BNNT nano-
composite with PVA should demonstrate significantly improved structural and thermal transfer 
properties. 
Future Work  
We hope to use our knowledge of the changing spring constant to further refine Tip 24 
and rerun force measurements with it as we did with Tip 20 on Day 4. In addition, we can seek to 
functionalize the hBN probe tip with -OH groups and run further force measurements. Finally, 
we can create BNNT nanocomposites with PVA, PS, and PMMA and run mechanical tensile 
strength tests and thermal heat transfer measurements to verify the results of the relationship 
between interfacial forces hBN and the selected polymers in our AFM measurements to the 
differences in their nanocomposite macroscopic properties. 
 Regarding running future force curves, we have a few suggestions to hopefully improve 
the reproducibility and accuracy of this experiment. Although we discussed using both the AFM 
and the Olympus Microscope in the process of attaching a bare silica bead as well as an hBN 
sheet onto the cantilever, the AFM is far more superior in terms of accuracy and controlling how 
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much epoxy is picked up in the process. Therefore, we would recommend looking into how we 
can shift our experimental methods to utilize the AFM in place of the Olympus Microscope. In 
addition, knowing what we now know about the increasing spring constant and quality factor, we 
recommend measuring these values before and after each run on each polymer substrate to 
acquire more accurate data. 
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